With a very modest investment in computer hardware and the open-source local data manager (LDM) software from University Corporation for Atmospheric Research (UCAR) Unidata Program Center, a researcher can receive a variety of NEXRAD Level III rainfall products and the unprocessed Level II data in real-time from most NEXRAD radars in the USA. Alternatively, one can receive such data from the National Climatic Data Center in Ashville, NC. Still, significant obstacles remain in order to unlock the full potential of the data. One set of obstacles is related to effective management of multi-terabyte datasets. A second set of obstacles, for hydrologists and hydrometeorologists in particular, is that the NEXRAD Level III products are not well suited for applications in hydrology. There is a strong need for the generation of high-quality products directly from the Level II data with well-documented steps that include quality control, removal of false echoes, rainfall estimation algorithms, coordinate conversion, georeferencing and integration with GIS. For hydrologists it is imperative that these procedures are basin-centered as opposed to radar-centered. The authors describe the Hydro-NEXRAD system that addresses the above challenges. With support from the National Science Foundation through its ITR program, the authors have developed a basin-centered framework for addressing all these issues in a comprehensive manner, tailored specifically for use of NEXRAD data in hydrology and hydrometeorology.
INTRODUCTION
With the increased interest in effective management of our water resources comes the need for better precipitation data. As rainfall is a main driver of many hydrologic processes, reliable information about spatial and temporal variability of rainfall is crucial for predicting floods, water supply, management of agricultural lands and much more. Weather radar networks provide rainfall information over vast regions in a cost-effective way. Radar data, doi: 10.2166/hydro.2010.056 particularly when complemented by rain gauge measurements, can provide quantitative estimates of precipitation (e.g. Wilson & Brandes 1979; Krajewski 1987; Steiner et al. 1999; Todini 2001; Seo et al. in press ).
Radars collect data at high rates. For example, the Hydro-NEXRAD is a browser-enabled software system that allows users to generate custom rainfall maps from the most basic (Level II) radar reflectivity data of the NEXRAD network. Users can specify space and time resolution, different map projections, output formats, estimation algorithms, etc. Hydro-NEXRAD provides more flexibility to users with respect to available products than its only readily available alternative, i.e. the US National Weather Service (NWS) precipitation maps that represent hourly accumulations on a fixed 4 km by 4 km grid and are created using a predefined but not well-documented algorithm (Fulton et al. 1998) . Hydro-NEXRAD users can obtain rainfall data with resolution as high as 5 min in time and 1 km in space. The rainfall data can be provided in a range of map projections that suit a broad array of applications.
Hydro-NEXRAD users do not need to be radar experts, and may simply consider their needs in terms of rainfall maps.
The system provides hydrologists with basin-centric rainfall maps rather than rainfall maps centered on NEXRAD radar locations.
While there are readily available NEXRAD radarrainfall products developed by the NWS, their resolution is fixed to the Hydrologic Rainfall Analysis Project (HRAP) grid (e.g. Reed & Maidment 1999) and hourly time scale, and this limits the applications for which these products are useful. At the same time, developing custom products directly from the Weather Surveillance Radar (WSR-88D) collected Level II data (i.e. radar reflectivity and Doppler velocity) data requires expertise that is neither widespread in the hydrologic and engineering community nor easy to quickly acquire. Hydro-NEXRAD is a demonstration of a framework and the information technology tools that overcome the above constraints. We have been developing this Internet-based and browser-compatible software for access, search, selection and specification of customized radar-rainfall products based on WSR-88D radar reflectivity Level II data.
The system manages and organizes data from some 40 WSR-88D radars in the USA. For ten of them, the Hydro-NEXRAD database includes the entire record of data, from the date of the particular radar's commissioning until mid-2008 when the radar operators changed the data collection system to accommodate the so-called super-resolution mode (Istok et al. 2009; Seo et al. in press) . For the remaining radars we include all Level II data since about 2002, which is when the radar operators switched the data delivery mode (Kelleher et al. 2007 ) to over-the-Internet (from an earlier mode of using magnetic tapes and the postal service.) While there are some 150 WSR-88D radars operated by the US federal agencies, the number 40 is higher than the number of weather radars in most countries in the world. Therefore, Hydro-NEXRAD should be considered as a large-scale prototype system that can In Figure 2 we show the overall structure of the system and in Figure 3 we include more information technology specifics. In this paper, we highlight and briefly discuss the main technological aspects of the project. We provide more details in two companion papers (Kruger et al. (in press) and Seo et al. (in press) ), both in this issue. The Hydro-NEXRAD software system consists of the following main elements:
1. Efficient storage and fast read time Level II data format In the following sections we elaborate on the functionality and other aspects of each element. The two companion papers focus on the metadata calculations (Kruger et al. in press) and the radar-rainfall products and algorithms used to compute them (Seo et al. in press) . Both data acquisition and products dissemination occur over the Internet. In Hydro-NEXRAD we use an ASCII Run Length Encoding (RLE) format we had developed for radar data several years ago . Despite fast progress in computer storage and processing speed, this lossless format continues to offer advantages as compared to other popular data compression utilities. Portability, fast read times and storage efficiency comparable to gzip are the main reasons for our decision. Also, in the process of converting Level II data from its native format to the RLE format we perform a number of quality control checks identifying corrupt files and headers and marking them with a system of flags. This ensures robustness of our overall system. All RLE files that are included in the Hydro-NEXRAD database are readable, which is not always the case for the original Level II data available from the NCDC, some of which are corrupt and cause programs that attempt to read them to fail.
An additional advantage of the RLE format is that we do not need to read the entire file when processing information and generating rainfall products for a basin, often just a small subsection of the entire radar umbrella.
This results in processing speed gains. In contrast, compress-ed or gzip-ed files require uncompressing the entire volume file data every time a piece of information is needed that is contained within it.
To illustrate the storage gains, consider that one year of Level II data for Davenport (KDVN) radar requires about 800 GB of storage in the uncompressed Level II format. The RLE format reduces it to 25 GB. Regarding the read time, it takes 48 min to read the entire year of data in the original format while it takes only 12 min to read the corresponding RLE files. These figures are summarized in Table 1 .
Relational database
Researchers usually manage radar data using a hierarchical file and directory system, organizing radar volume scan files by radar and date. NEXRAD radars produce large amounts of data, namely a ,3.5 MB volume file every 4 -12 min, and there are over 140 such radars. The file system approach suffices for small datasets, but quickly becomes unwieldy as the dataset grows. Organizations such as the National Climatic Data Center also follow this approach, but employ sophisticated hardware such as robotic tape loaders and large RAIDs to help with data retrieval. To help navigate a file-based archive, one can maintain a catalog of "interesting" portions of the data, such as severe rain or flood events.
Web servers play an important role in Hydro-NEXRAD.
The relational database and the data are behind web servers. All access to the data and the relational database are through these servers. A client (human, compiled program or script) accesses the data through a two-step process: (a) query the database, which returns a URL (i.e. web address) to the data and (b) request the web server to serve up the data. The original concept and implementation follows on from earlier work documented in Kruger et al. (2006) . Currently, our system provides ad hoc web services via HTTP and XML-RCP using Python and the FAstCGI protocol in conjunction with the web servers. Future work includes moving to standard interfaces (SOAP, OWL, etc.).
Radar-and basin-centric metadata
A key idea in Hydro-NEXRAD is that of metadata-data about (NEXRAD) data-managed in a relational database.
It greatly eases the management of the data and allows researchers to search for and find interesting subsets in a very flexible manner. There are several aspects of the metadata that we consider in the Hydro-NEXRAD database. The first is a common use of data file description.
The metadata are simply file descriptors such as name, location, date and quality control flags that pertain to formal completeness and correctness of the data and header format. The second aspect is that of the actual file location.
In Hydro-NEXRAD we do not keep data in the database;
instead the database stores information on the file location, together with the complete file path in several formats. Since there are many more small basins than large basins, it is likely that most hydrologic studies require rainfall information from a small portion of a given radar umbrella. To facilitate fast search for required data, we have developed a system of storing information relevant to each basin. To accomplish this we used the first four levels of the USGS system. As a result, we have developed a database for each of the 2199 fourth-level (8-digit HUC) basins.
We have constructed an indexing system that links each basin with every radar. Thus, a user can quickly determine how many and which radars are "looking" over each basin.
Each basin is associated with a latitude/longitude box for which a user is likely to request precipitation products.
Each basin is also assigned a polar box for each relevant radar. The box defines the azimuth and range of data required for processing.
For each HUC domain included in Hydro-NEXRAD, we computed simple rainfall indicators. These include Maximum reflectivity value Metadata used to store maximum observed reflectivity at a given time.
Scan duration Time (in seconds) it took to complete a volume scan. Designed to identify scanning strategies, missing data periods, etc.
Volume Coverage Pattern (VCP) Scanning strategy used by radar. Based on this value, user can learn how many elevation tilts were used or identify rainfall/clear air mode.
daily summaries of mean area rainfall, maximum rainfall, percentage of basin area covered by rain and more.
Browsing these statistics allows users to quickly select interesting cases for their studies. For detailed metadata definitions and computations we refer to Kruger et al.
(in press).
Data quality control
Since the main product of the Hydro-NEXRAD system is precipitation, radar echos due to other phenomena should be identified and excluded from further processing.
This needs to be accomplished at the volume scan level, before Level II data are used for precipitation estimation. We have also implemented an option that uses a CAPPI (Constant Altitude Plan Position Indicator (Battan 1973) ).
To avoid sharp boundaries between various antenna elevation scans, we use a smoothing lognormal kernel that is applied along the radar range. Such calculation of the CAPPI also helps mitigate the effect of ground clutter and anomalous propagation echo (for details see Seo et al.
(in press)). 
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Rainfall estimation algorithms
Radar-based rainfall estimation algorithms differ in complexity and performance (e.g. Fulton et al. 1998; Steiner et al. 1995; Ciach et al. 1997; Anagnostou & Krajewski 1999) .
Unfortunately, regarding their performance, there is no system in place that would enable objective evaluation.
As a consequence, there is no consensus on what is the best algorithm and optimality criterion. To address this situation our strategy is to provide users with flexibility in selecting different options and parameter values for the algorithms. While it is impossible to be fully comprehensive in providing such options, our system offers significant flexibility, much more than what is possible with the NWS "official" Precipitation Processing System (PPS) (Fulton et al. 1998) or use of Level III data products (Klazura & Imy 1993) .
Among different algorithm options that users are able to choose from, are three predefined algorithms and one customizable algorithm. The predefined algorithms are a "quick look" algorithm, a default algorithm and a quasi-PPS algorithm. The custom algorithm includes options for correcting for advection and range effects, specifying different Z -R parameters, hail cap and no-rain thresholds, and hybrid scan construction parameters, among others.
Users who do not have sufficient weather radar expertise can simply select one of the predefined alternatives.
Comparison of products obtained using different approaches can lead to the selection of the optimal quality product, depending on the specific application.
We considered providing an option to reproduce the PPS results as a fundamental link connecting Hydro-NEXRAD and the NWS products, but this turned out to be a "mission impossible." While we have received the source code for the PPS from the Office of Hydrology of the NWS, it is buried within a much larger piece of software called CODE developed by the NEXRAD agencies and their private contractors. There is no stand-alone PPS available for use outside of the NWS. Also, the PPS is constantly changing and it is hard to keep track of all the minor fixes and code modifications. As a result, the closest we have come to reproducing the PPS results is about 5%. This is the reason why we refer to this option as "pseudo-PPS".
To facilitate the mix-and-match approach we have developed basic modules for the following elements: hybrid scan construction using the concept of CAPPI and kernel smoothing to avoid ring appearance common in long-term accumulations of the PPS products, rainfall rate calculations, rainfall accumulation, advection correction that improves rainfall accumulation by ensuring that pixels are not skipped over under certain combinations of storm velocity and product grid resolution (e.g. Fabry et al. 1994; Liu & Krajewski 1996) and range correction (e.g. Andrieu & Creutin 1995; Vignal & Krajewski 2001) . We provide more details about the algorithms in the companion paper by Seo et al. (in press ).
We continue performing extensive tests of the algorithms and the codes running them on multi-month periods of Level II data to make sure that they do not crash under varied data conditions. Thus far, several studies published in the literature used Hydro-NEXRAD products (e.g. Ntelekos 
Final product utilities
To provide users with further flexibility, our system will output precipitation products in several coordinate systems and resolutions. While the operational NEXRAD precipitation products are provided on the so-called Hydrologic Rainfall Analysis Project (HRAP) grid, which is about 4 km by 4 km, many distributed hydrologic models of basin processes require rainfall input at much finer resolution, e.g. 1 km by 1 km. Some models require input on a latitude/longitude grid, while others work using a local Cartesian system.
Our software accommodates many of these scenarios.
Users can specify HRAP, Super-HRAP (1/16 of HRAP but using the same polar stereographic projection), latitude/ longitude and NASA's Land Data Assimilation System (0.258 LDAS) grids (Mitchell et al. 1999) . Since these grid systems are fixed, we have developed lookup tables for each basin for each grid that allows fast projection of the precipitation products generated in polar coordinates for a relevant radar onto the grid. Depending on the final product projection and spatial resolution, we considered three interpolation methods: nearest-neighbor, simple averaging and weighted averaging that accounts for the radar beam pattern. Radar beam geometry changes with range and requires an adaptive resampling technique. In the process of system development we conducted extensive tests to find an optimal strategy depending on final product selection.
Use of different options implies different computational effort, even using the lookup tables. Additional interpolation methods are needed when data from multiple radars is merged into one rainfall product. More details on that can be found in Seo et al. (in press ).
Once the products are generated and ready to be transferred to the user they are formatted as ASCII, 
Graphical User Interface
To facilitate users' interaction with our database and the algorithms we have designed a web-browser-based Graphical User Interface (GUI). Through the GUI users can locate their basin or domain of interest, radars that cover it, visualize the grid on which the final products will be provided, find cases (data periods) of interest using metadata-based searches and specify algorithmic options.
We have developed a browser-based GUI (see Figures 5 and 6 for screen shots). It communicates with a map server to provide user-specified map detail at four levels of zooming (the first level is the entire United States).
The main elements shown on the maps are the hydrologic Once the periods are selected, the user specifies algorithm options (discussed by Seo et al. (in press) ).
Again, the description of these options is provided in plain language, avoiding radar jargon, so that hydrologists can think in terms of rainfall variables and not so much the radar context. Specification of the grid resolution and formatting option completes the dialog. What follows ("behind the scenes") is spawning of a fully autonomous process that executes the user's request. The system informs the user as to when they can expect their request will be completed.
Currently, it takes about one day to process data and produce hourly products for one year's worth of Level II data. This represents a 10-20 times improvement vs.
using CODE (see above) from the Office of Hydrology of the NWS.
The Graphical User Interface is also a place where users can access the system's documentation; learn about available options and find information about the system's functionality. The interface also provides all necessary information for users to communicate with the authors, submit comments and questions regarding the system.
SUMMARY
Hydro-NEXRAD is an over-the-Internet-accessible software system that provides custom radar-rainfall maps for Rather than adapt the algorithms to the new data, the National Weather Service has developed a procedure to "recombine" the super-resolution data into the previous (legacy) resolution that could be used by the existing algorithms. As the change coincided with the expiration of the funding for the Hydro-NEXDAR project, we decided to use this "opportunity" to close the prototype system.
Currently, we manage data from some 40 WSR-88D radars (see Figure 1) around the country and have close to 316 radar-years of Level II data in our 11.6 TB database.
The Hydro-NEXRAD products are radar-only estimates of rainfall, but could be easily merged with rain gauge estimates to reduce systematic and random errors involved in the measurement and estimation process. Discussing the problem of optimal merging is beyond the scope of this paper, but any minimum error variance procedure obviously requires quantified knowledge of product uncer-
tainty. An uncertainty model limited to the official radaronly products generated by the NWS PPS is described by Ciach et al. (2007) .
